LECTURE NOTES 


ELECTRICAL MACHINES 
EE352 
FALL 20103 
Dr: MUSTAFA AL-REFAI 





= = 
le 
= = 

L 
= > " = 


LECTURE ONE 


=: 
is 
E 
lo 
a 
= 
e 
> 


Dr. M. AL-REFAJ 





_ Tests 


LI Three (3) tests are scheduled. Each test has 
theoretical questions and problems. 


e The dates of the tests are: 


e FIRST TEST WILL BE HELED DURING FIRST LECTURE ON THE FIRST EXAM 
WEEK 


e SECOND TEST WILL BE HELED DURING FIRST LECTURE ON THE SECOND 
EXAM WEEK 


U Final exam 
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AIMS OF THIS COURSE 


The objective of this course is to study the devices used in the interconversion of electric and 
mechanical energy, with emphasis placed on electromagnetic rotating machinery. 

The transformer, although not an electromechanical-energy-conversion device, is an important 
component of the overall energy-conversion process. 

Practically all transformers and electric machinery use ferro-magnetic material for shaping and 
directing the magnetic fields that acts as the medium for transferring and converting energy. 
Permanent-magnet materials are also widely used. 

The ability to analyze and describe systems containing magnetic materials is essential for 
designing and understanding electromechanical-energy-conversion devices. 

The techniques of magnetic-circuit analysis, which represent algebraic approximations to exact 
field-theory solutions, are widely used in the study of electromechanical-energy-conversion 
devices. 
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Units 


svstem of units 

— Svstem International (SI) 

— English 

e conversion of units 

— scale conversions 

— svstem of units conversions 

e the per-unit svstem of measurements 
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Svstem of Units 
SI common units SSS MAMMA. ee 


— some used in this course Mechanica 
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e electrical 
e mechanical 
e thermal 


English unit 


are shown in this table 
— three general areas we 
will be using: 


— working in SI units are 
often easier than in 


Angle 

Energy 

Force 

Mass 

Power 

Angular velocity 


Thermal 

Heat 

Power 

Specific Heat 
Temperature 
Thermal conductivity 


Electrical and Magnetic 
Energy 

Frequency 

Inductance 

Power 

Magnetic field 
Magnetic flux 
Magnetic flux density 
Magneto-motive forc 
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radian 
joule 
Newton 
kilogram 
watt 
radians per 
second 


Joule 

watt 

joule per (kg K) 
kelvin 

watt per (meter K) 


joule 

hertz 

henrv 

watt 

ampere per meter 
weber 

tesla 

ampere 


rad 

J 

N 

kg 

W 
rad/s 


J 

W 

J/(kg K) 
K 

W/(m K) 
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Conversion of Units 


Scale conversions (SI) 
— prefixes: tera 1012 
giga 109 
mega 10° 
kilo 10° 
milli 10° 
micro 10° 
nano 10° 
pico 10-12 
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Conversion of Units 


e System of units conversions 

— check for consistency 
e stay within a given quantity, e.g. impedance or power 
e avoid crossing quantities 

— always show conversion steps in your work 

— example 
convert 850 Btu into kilowatt-hours 

1.055kJ h W's 


850 Btu:————:———:——=0.25kW.-h 
Btu 3600s J 


850 Btu = 0.25 kWh 


= 
Eu | 
= 
L 
= 
= 
u 
= 
m 
= = > 
r = 
= 
z = 
© E 
l 
= 
L 
za 
ie mi iF 
= E 
as 
A 
— p 
= 
IR 


Dr. Wi. AL-REFAI 





Per Unit Measurement Svstem 


e A measurement system for giving a better idea of the 

size of something 

— similar to the numbers used in baseball statistics 

— comparable to how we use the gas gage on vehicles 
A per unit measurement always involves a base 
value 

— this conversion unit is called the per unit base 

— the converted value is expressed in terms of per unit 
— example 

convert 115 kW to a per unit value on a 1 MVA base 
115kW 


—0.115 per unit 
IMVA 
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Per Unit Bases 


e Base values for different engineering quantities must 
be consistent once two or more bases have been 
defined 
— example 

e show the current base and impedance base for a system 
that has a power base of 1 kVA and a voltage base of 
240 V 

— Sa. IKVA V 


—LLAJ7TA Zp b= 
V.. 240V I 


base 


base 
e what are the engineering values for a device operating 
at 0.98 per unit voltage with a load of j0.7 per unit 
impedance V—v, .V —240V(0.98)-235.2V 
Z=L yase* Z py 757.60(j0.7)- j40.320 
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Magnetism 
and 


Electromagnetism 
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The Magnetic Field 


e A permanent magnet has a magnetic field 
surrounding it. 


e Consists of lines of force that radiate from 
the north pole to the south pole and back 
to the north pole through the magnetic 
material. 
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Blue lines represent onlv a few of the manv magnetic 
lines of force in the magnetic field. 


Figure 1 Magnetic lines of force around a bar magnet. 
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The Magnetic Field 


Consists of lines of force, (or flux lines), that 


radiate from the north pole (N) to the south pole 
(S) and back to the N. pole through the magnetic 
material. 


The many lines surround the magnet in 3 
dimensions. 


Lines shrink to the smallest possible size and 
blend together;- although they do not touch. 


Forms a continuous magnetic field surrounding 
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(b) Like poles repel. 


Figure2 Magnetic attraction and repulsion 
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Soft iron 
Glass 
(b) 
Fig. 3: Effect of (a) nonmagnetic and (b) magnetic materials on a 
magnetic field. 
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Magnetic Flux, ® 


The group of force lines going from the N. pole 
to the S. pole of a magnet is called the 
magnetic flux, symbolized by ® (phi). 

No. of lines of force in a magnetic field 
determines the value of the flux. 


The more lines of force, the greater the flux and 
the stronger the magnetic field. 


e Unit of magnetic flux is the weber (Wb) 
One weber = 10° lines. 
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Magnetic Flux Densitv 


e For a magnetic flux @, there exists a magnetic flux 
density, B,givenby p_? 
where A 
— B= flux density [T] (tesla) 
— @= flux in a component [Wb | (weber) 
— A= cross section area [m] 
— example n 
find the flux density h= 10cm 
RER d= 20cm 
@ 360x10” Wb rs 


SAN Kai eae | 
dh (0.01m)(0.02m) 


@ = 360UWb 
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Magnetic Flux Density, (B) 


ls the amount of flux per unit area perpendicular to 
the magnetic field. 


Its symbol is B, and its unit is the tesla (T). 
One tesla = one weber/square meter (Wb/m?). 
The following expresses the flux density: 
B = Ọ 
A 


Q is the flux, A is the c.s.a in square meters (m?) of 
the magnetic field. 
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The Gauss 


The tesla (T) is the SI unit for flux densitv, 
another unit called the gauss, from the CGS 
(centimeter-gram-second) svstem, is 
sometimes used (10' gauss = 1T). 


The instrument used to measure flux densitv 
is the gaussmeter. 
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Example 1 


e Find the flux density in a magnetic field in 
which the flux in 0.1m? is 800uWb. 


e Solution 
B = Ọ/A 
= 800uWb/0.1m? 
= 8000uT 
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ig Example 2 

JE 

Tae. A magnetic pole face has a rectangular section 
having dimensions 200 mm bv 100 mm. If the total 
flux emerging from the pole is 150 u Wb. Calculate 
the flux densitv. 
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_ Solution: 
e &=150 u Wb = 150 x 10° Wb 
l æ c.s.a = 200 x 100 = 20000 mm? = 20000 x 10:6 m? 
Flux Density, B = M/A 
= 150 x 107/20000 x 10° 


= 0.0075 Tor 7.5mT 
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2® How Materials Become Magnetised 


Ferromagnetic materials become magnetised when placed in | 
the magnetic field of a magnet. 


We have all seen a permanent magnet pick up paper clips, 
nails, or iron filings. 


Objects becomes magnetised under the influence of the 
permanent magnetic field and becomes attracted to the 
magnet. 


When removed from the magnetic field, object tends to lose 
its magnetism. 


Ferromagnetic materials have minute magnetic domains 
created within their atomic structure by the orbital motion 
and spin of electrons. 


These domains can be viewed as very small bar magnets with 
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(a) The magnetic domains (N C 9) are (b) The magnetic domain become aligned 
randomly oriented in the unmagnetized When the material 1s magnetized. 
material 


Figure 4 Magnetic domains in (a) an unmagnetized and in (b) a 
"magnetised material. 
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Application Example 


(a) Contact is closed when magnet 
is near. 


(b) Contact opens when magnet is 
moved away. 


Figure 5 Operation of a magnetic switch 
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Quiz 1 


| - e When the North poles of two magnets are placed close 
= * together, do they repel or attract each other? 


= * Ans: The North Poles repel 
¢ What is magnetic flux? 


Ans: Magnetic flux is the group of lines of force that make 
up a magnetic field. 

e What is the flux density when ® = 4.5uWb and A=5 x 
10° m?? 

Ans: B = O/A = 900uT 
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Electromagnetism 


e isthe production of a magnetic field by current in a 
conductor. 


e Many types of useful devices such as tape recorders, 
electric motors, speakers, solenoids, and relavs are 
based on electromagnetism. 
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Magnetic lines of force 
are continuous along wire 
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Compass 
Iron filings 


Figure7 Visible effects of an electromagnetic field 
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Fig. 9 Illustration of right- hand rule 
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Electromagnetic Properties 


ji e Permeability (u) 


| °° The Relative Permeability (u) 


ee Reluctance, S (Ru) 
em 
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Permeability (u) 


Ease with which a magnetic field can be established in a 
given Klee is measured by the permeabilitv of that 
material. 


Higher the permeability, a magnetic field can be established 
easier 


Symbol u; its value varies depending on material. 


o permeability of a vacuum is An X 107 Wb/At.m 
ler more tun matar) and is used as a reference. 


Ferromagnetic materials typically have; 
permeabilities hundreds of times larger than that of a vacuum 
include iron, steel, and their alloys. 
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The Relative Permeabilitv 


e (u) of a material is the ratio of its absolute 
permeability (u) to the permeability of a 
vacuum (u,). 


° Since u, is a ratio, it has no units. 
H, = U 
Ho 
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Reluctance (S) 


© Opposition to the establishment of a 
magnetic field in a material is called 
reluctance (S). 

e Value of reluctance is directly proportional 
to the length (# of the magnetic path, and 
inversely proportional to the permeability 
(u) and to the c.s.a. (A) of the material; 


e S= JuA (At/Wb) 
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Example 2 


e What is the reluctance of a material that 
has a length of 0.05 m, a cross-sectional 
area of 0.012 m, and a permeability of 
3500 uWb/At.m? 


e Solution: 
S= Pj uA 
= 0.05/ (3500 x 107 Wb/At.m) (0.012mż) 
— 1190 At/Wb 
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Magnetomotive Force (mmf) 


Current in a conductor produces a magnetic field. 


Force that produces the magnetic field is called the 
magnetomotive force (mmf). 


Unit of mmf, (At), is established on the basis of the 
current in a single loop (turn) of wire. 


Formula for mmf is: 
Fm =NI 


Fm is the magnetomotive force, N is the no. of turns 
of wire, | is the current in amperes. 
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Magnetic 
material 


R 


Figure 10 A basic magnetic circuit 
Dr. M. AL-REFAI EE35200039 
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Ohm's law for magnetic circuits 7. 


e The amount of flux depends on the 
magnitude of the mmf and on the 
reluctance of the material, as expressed 
by: 
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Example 3 


= How much flux is established in the 
magnetic path of Fig. 12 if the reluctance 
of the material is 0.28 X 107 At/WB? 


Magnetic 
material 


Figure 11 
EE35200041 
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LECTURE TWO 
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Solution to Example 3 


Jo®=Fm/R=NI/R=  (5t)(3 A) 
0.28 X 107 At/Wb 


= 5.36 X 10% Wb 
= 536uWb 
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Example 4 


There are two amperes of current through a wire with 5- 
turns. 


(a) What is the mmf? 


(b) What is the reluctance of the circuit if the flux is 250 
uWb? 


Solution 

(a N=5andl=2A 

Fm = NI = (5t)(2A) = 10 At 

(b) R = Fm/O = 10At/250uWb 

= 0.04 X 10° At/Wb 
= 4.0 X 10° At/Wb 
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The Electromagnet 


e. A basic electromagnet is simply a 
coil of wire wound around a core 
material that can be easily 
magnetised. 


e The shape of the electromagnet can 
be designed for various applications. 
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Figure 12 Reversing the current in the coil causes the electromagnetic 
field to reverse. 
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Electromagnetic Devices 


Magnetic disk/tape read/write head 
Magneto-optical disk 

Transformer 

Solenoid 

Relav 

Speaker 
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The Solenoid 


e Is a type of electromagnetic device that has 
a movable iron core called a plunger. 


e Movement of this iron core depends on 
both an electromagnetic field and a 
mechanical spring force. 
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(a) Unenereized (no voltage or curren}~ plunger extended (b) Energized — plunger retracte 
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The Relav 


e Differs from solenoids in that the 
electromagnetic action is used to open or 
close electrical contacts rather than to 
provide mechanical movement. 
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Magnetic Field Intensitv 


e Whenever a magnetic flux, d, exist in a conductor or 
component, it is due to the presence of a magnetic field 
intensity, H, given by H-4 
where 

— H= magnetic field intensity [A/m] 
— Í = magnetomotive force [A] or ampere turns 
— ] = length of the magnetic circuit [m] 
— example 
find the magnetic field intensity at the circle 


sU a WA aa p-20m 
2mp 2r(0.05m) 


© 
a 
a 
ml 1 
ai 
u 
LI 
HI 
u i 
= l 
= 
= 
= 
i = 
u 
Be = 
| 
2 = 
E = = 
= 
= 
4 
= 
> 
L 


Dr. M. AL-REFAI EE35200051 





= | > 
= 
= » 
a 
= 
| = 
= l 
pi 
= > 
=. Ä = 
z ed 
im i 
E 5 Fi ‘a 
m 
p = 
= 
m 3 
A> 
A 
LI 
F 
— 4 





Magnetising Force (H) 


Since D = Fm/R, as Fm increases, the flux increases. 
Also, magnetising force (H) increases. 


Recall that; flux density (B) is the flux per unit area 
(B = M/A), so B is also proportional to H. 


Curve showing how these two quantities (B & H) are 
related is called the B-H curve (hysteresis curve). 
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Cross-sectional area 
(A) 


= Length around core (/) 


Y 
Ma 
— (ME — — —  ( zz — — — 


Reluctance of 
core material (2) 


Fig. 14 Parameters that determine the magnetising force (H) 
 „ and the flux density (B). 
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The Hvsteresis Curve 


. Hysteresis is a characteristic of a magnetic 
material whereby a change in magnetisation 
lags the application of a magnetising force. 


e Magnetising force (H) can be increased or 
decreased by varving the current through 
the coil of wire (reversed by reversing the 
voltage polarity across the coil). 
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(d) 


22. Fig 15 Development of a magnetic hysteresis curve 
f, Dr. AL-REFA EE35200055 
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B Material A 


Material B 


H 
Material C 


Fig: 16(g) Complete B-H Curve 7' The Hvsteresis Curve 
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Relationship between B-H in Free Space 


° In free space, the magnetic flux density Bis directly 
proportional to the magnetic field intensity H 
e The constant of proportionality for free space is called 
the permeability constant, Lo 
B= W4 H ża 
— ın the SI system, = 1.5 
My = 4nx10-7 H/m 
|henry/meter] 
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B-H Characteristic of Magnetic Material 


e The flux density is influenced by the magnetic property 
of the material in which the flux passes 
— instead of specifying a permeability for every material, a 
relative permeability is defined, U. = 4 / Lo 
— relative permeability is unitless 


B=, 4, H 


e for many materials, the 
relative permeability is los 


not constant but varies A Time 


nonlinear w.r.t. B 1 5 6kA/m 
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Determining Relative Permeabilitv 


e One can find the relative permeability in a material by 
taking the ratio of the flux density in the material to the flux 
density that would have been produced ın free-space 

Tet ey B » 
H. —w— =800,000— 
H H 


Ho 


— Example 
Determine the relative 
permeability of relay 
steel (1% silicon) at a 
flux density of 0.6 T 
and 1.4 T 


A 
4 0.6 
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Example 6 


e. A mild steel ring of c.s.a. 4 cm has a radial 
air-gapof 3 mm cut into it. If the mean 
length of the mild steel path is 300 mm. 


Calculate the magnetomotive force to 
produce a flux of 0.48 mWb. 
(Use B-H curve on page 78) 
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Solution to Example 6 


e Two parts to the circuit - mild steel and the air-gap 
e For the mild steel: 
B = Ọ/A 
=0.48 x 10° /4 x104 = 1.2 T 
(From B-H curve for mild steel on p78) 
when B = 1.2 T, H = 1800 A/m (or close) 


e Hence, m.m.f. for the mild steel 
HI = (1800)(300 x 10°) = 540 A 
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Solution to Example 6 (cont.d) 


For the air-gap: 


e The flux density will be the same in the air-gap as in the 
mild steel, i.e. 1.2 T 


e For air, B= uH from which, 
H = B/ Mo 

= 1.2T/Arı x 10” 

= 954930 A/m 


Hence the m.m.f. for the air-gap = HI 
= (954930)(3 x 10°) 
= 2865 A 


Total m.m.f. to produce a flux of 0.48 mWb 
= 540 + 2865 = 3405 A 
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Materials with a low Retentivitv 


Do not retain a magnetic field verv well while those 
with high retentivities exhibit values of B, verv close 
to the saturation value of B. 


Retentivitv in a magnetic material can be an 
advantage or a disadvantage. 


In permanent magnets and memory cores ~ high 
retentivitv is required. 


In ac motors 7 retentivity is undesirable 
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Electromagnetic Induction 


e Relative motion between a conductor and a 
magnetic field, a voltage is produced across 
the conductor. 


e Resulting voltage is an induced voltage. 


e Transtormers, electrical generators, 
electrical motors, and manv other devices 
possible. 
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Relative Motion 


e When a wire is moved across a magnetic 
field, there is a relative motion between the 
wire and the magnetic field. 


e Likewise, when a magnetic field is moved past 
a stationary wire, there is also relative 
motion. 


e Ineither case, this relative motion results in 
an induced voltage (V4). 
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Induced voltage (ving) 


(b) Magnetic field moving upward 


(a) Wire moving downward 
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Fig. 17 Relative motion between a wire and a magnetic field 
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(a) Downward relative motion (b) Upward relative motion 


Fig. 18 Polaritv of induced voltage depends on direction of motion. 
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Fig. 19 Induced current (i, „) in a load as the wire moves through the 
magnetic field. 
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tagħ d 4 
a 


(a) Upward force: weak field above, strong (b) Downward force: strong field above, 
field below, weak field below 


(e) Current out 
4+) Current in 


T = Fig. 20 Forces on a current-carrying conductor in a magnetic 
a field (motor action). 
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Faraday's Law 


e Michael Faraday discovered the principle of 
electromagnetic induction in 1831. 


¢ Faraday's two observations: 


(1) The amount of voltage induced in a coil is directly 
proportional to the rate of change of the magnetic 
field w.r.t. the coil. 


(2) The amount of voltage induced in a coil is directly 
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MERREN] 
peii 


T 


(a) As the magnet moves slowly to the right, its magnetic field (b) As the magnet moves more rapidly to the right, Its magnetic 
is changing with respect to coil, and a voltage is induced, field is changing more rapidly with respect to coil, and a 
oreater voltage Is induced, 
=. Fig. 21 A demonstration of Faraday’s first observation: The amount of 


M induced voltage is directly proportional to the rate of change of the 
œ Magnetic field w.rt. the coil. 
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ji) 
jii Mi ) 


|| 


l, 
A 


(a) Magnet moves through a coll and induces a voltage, (b) Magnet moves at same rate through a coll with more turns 
(loops) and induces a greater voltage 


Fig. 22 A demonstration of Faraday’s second observation: The amount 
of induced voltage is directly proportional to the no. of turns in the coil 
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Faraday’s Law 


e The voltage induced across a coil of 
wire equals the number of turns in the 
coil times the rate of change of the 
magnetic flux. 





A | 
= Mm 
L. 
| 
Lo 
E 
ls 
ts 
E 
ME 
> = 
2 m 

E 


EE35200073 


Lenz's Law 


-œ Defines the polarity or direction of the 
induced voltage. 


e When the current through a coil changes, 
the polaritv of the induced voltage created 
bv the changing magnetic field is such that 
it alwavs opposes the change in current 
that caused it. 
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Faradav's Law 


e Electromagnetic induction 
— If the flux linking a loop (or turn) varies as a function of 
time, a voltage ıs induced between its terminals 
— The value of the induced voltage is proportional to the 
rate of change of flux 
e InSIunits, „_nA® 
where At 
— E= induced voltage [V] 
— N = number of turns in the coil 
— AQ = change of flux inside the coil [Wb] 
— At = time interval of the flux changes [s] 
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Faraday’s Law 


— Example 
e a coil of 2000 turns surrounds a flux of 5 mWb produced 
by a permanent magnet 
e the magnet is suddenly withdrawn causing the flux inside 
the coil to drop uniformly to 2 mWb in 0.100 s 
e what is the induced voltage? 


Ar = 1/10 s 
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Voltage Induced ın a Conductor 


e It is often easier to calculate the induced voltage on a 
segment of conductor instead of the voltage on a coil 
E= Blv 
where ma 
EB 4 I |] 100m 
— E= induced voltage [V] Ä $ KOS 
— B= flux density [T] a 
— l- active length of 
conductor in the 
magnetic field [m] 
— v=relative speed of 
the conductor (m/s) 
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Lorentz Force 


° A current-carrying conductor sees a force when placed 
In a magnetic field 
— fundamental principle for the operation of motors 


— the magnitude of the force depends upon orientation of 
the conductor with respect to the direction of the field 
— force 1s greatest when the conductor is perpendicular to 
the field 
e The Lorentz or electromagnetic force: F—BIIsino 
where 
— F = force acting on the conductor [N] 


— @= angle between the flow directions of current and flux 


= 3 
a 
J - 2 
J - = 
J z = 
LI 


Dr, M. AL-REFAI EE35200078 





le | 
ae 
= 
7 = 
= 
J 
. 
F 3 
= 
xl - 2 
i al 
= = 
i a 
| 
= i = 
z 
i 
a 
LI 
L 
= Eu 
A 





Eddv Currents 


= An ac flux flinking a rectangular-shaped 


conductor induces an ac voltage E across 
its terminals 


— If the conductor terminals are shorted, a 


substantial current flows 


— The same flux linking smaller coils induce 


lesser voltages and lower currents 

A solid metal plate is basically equivalent 

to a densely packed set of rectangular- 

shaped coils 

The induced currents flowing inside the 

plate are eddy currents, and flow to oppose I. 
the change in flux 
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Eddv Current Losses 


e Eddy currents become a problem 
when iron must carry an ac flux 
— eddy currents flow throughout the 
entire length of the iron core 
— resistance in the iron causes energy 
to be dissipated as heat 
e Losses can be reduced by splitting 
the core into sections (lamination) 
— subdividing causes the losses to 
decrease progressively L 
— varnish coatings insulate the 
laminates from current flows 
— silicon in the iron increases the 
resistance 
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LECTURE THREE 
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Transformer 


Introduction 


e Transformers are one of the most useful electrical devices 
— provides a change in voltage and current levels 


— provides galvanic isolation between different electrical 
circuits 


— changes the apparent magnitude value of an impedance 
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Some historv 


Historicallv, the first electrical power distribution system developed by Edison in 1880s 
was transmitting DC. It was designed for low voltages (safetv and difficulties in voltage 
conversion); therefore, high currents were needed to be generated and transmitted to 
deliver necessary power. This system suffered significant energy lossesl 


The second generation of power distribution systems (what we are still using) was 
proposed by Tesla few years later. His idea was to generate AC power of any 
convenient voltage, step up the voltage for transmission (higher voltage implies 
lower current and, thus, lower losses), transmit AC power with small losses, and 
finally step down its voltage for consumption. Since power loss is proportional to the 
square of the current transmitted, raising the voltage, say, by the factor of 10 would 
decrease the current by the same factor (to deliver the same amount of energy) and, 
therefore, reduce losses by factor of 100. 


The step up and step down voltage conversion was based on the use of 
transformers. 


wer or. M. ALREFA EE35200083 
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Preliminarv considerations 


LI 
| I L 
LI 
i= ia 
B l a d 


A transformer is a device that converts one AC voltage to another AC voltage at the 
same frequency. It consists of one or more coil(s) of wire wrapped around a common 
@ ferromagnetic core. These coils are usually not connected electrically together. 


a However, they are connected through the common magnetic flux confined to the 
core. 


Assuming that the transformer has 
at least two windings, one of them 
(primary) is connected to a source 
of AC power; the other (secondary) 
is connected to the loads. 


The invention of a transformer can be attributed to Faraday, who in 1831 used its 
principle to demonstrate electromagnetic induction foreseen no practical 
applications of his demonstration. ® 


Russian engineer Yablochkov in 1876 invented a lighting system based on a set of 
induction coils, which acted as a transformer. 
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More historv 


'Gaulard and Gibbs first exhibited a device with an open iron core called a ‘secondary 
generator in London in 1882 and then sold the idea to a company Westinghouse. 
They also exhibited their invention in Turin in 1884, where it was adopted for an 


‚ electric lighting system. 
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In 1885, William Stanlev, an engineer for Westinghouse, built the first commercial 
transformer after George Westinghouse had bought Gaulard and Gibbs' patents. The 
core was made from interlocking E-shaped iron plates. This design was first used 
commercially in 1886. 


Hungarian engineers Zipernowsky, Blathy and Deri created the efficient 'ZBD' closed- 
core model in 1885 based on the design by Gaulard and Gibbs. Their patent 
application made the first use of the word "transformer". 


Another Russian engineer Dolivo-Dobrovolsky developed the first three-phase 
transformer in 1889. 


Finally, in 1891 Nikola Tesla invented the Tesla coil, an air-cored, dual-tuned resonant 
transformer for generating very high voltages at high frequency. 
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Non Ideal Transformers 


> An ideal transformer has no power loss; all power applied to the 
primarv is all delivered to the load. Actual transformers depart from 
this ideal model. Some loss mechanisms are: 


Winding resistance: Causing power to be dissipated in the windings. 
Hvsteresis loss: Due to the continuous reversal of the magnetic field. 
Core losses: Due to circulating current in the core (eddv currents). 

Flux leakage: Flux from the primarv that does not link to the secondarv. 
Winding capacitance: It has a bvpassing effect for the windings. 


> The ideal transformer does not dissipate power. Power delivered from 
the source is passed on to the load by the transformer. 


> The efficiency of a transformer is the ratio of power delivered to the 
load (Pout) to the power delivered to the primary (Pin). 
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Transtormer Principles JU 


LJ It has 2 electric circuits called 
primary and secondary. 
LJ A magnetic circuit provides the link 


between primary and secondary. iron core 


primary 
voltage 
U When an AC voltage is applied to 


the primary winding (Vp)of the 
transformer, an AC current will result 
(Ip). Ip sets up a time-varying 
magnetic flux ġ in the core. 


LIA voltage is induced to the 
secondary circuit (Vs) according to the 


, 
Fardav s law. magnetic flux secondarv 
voltage 
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Tvpes and construction 


Power transformers 


Windings are wrapped around two Windings are wrapped around the center 
sides of a laminated square core. leg of a laminated core. 


Usually, windings are wrapped on top of each other to decrease flux leakage and, 
the ERBEN, increase efficiency. 
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Tvpes and construction 


Lamination 


Laminated steel cores Toroidal steel cores 


Efficiencv of transformers with toroidal cores is usuallv higher. 
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Tvpes and construction 


Power transformers used in power distribution svstems are sometimes referred as 
follows: 


A power transformer connected to the output of a generator and used to step its 
voltage up to the transmission level (110 kV and higher) is called a unit 
transformer. 


A transformer used at a substation to step the voltage from the transmission level 
down to the distribution level (2.3 ... 30 kV) is called a substation transformer. 


A transformer converting the distribution voltage down to the final level (110 V, 
220 V, etc.) is called a distribution transformer. 


In addition to power transformers, other tvpes of transformers are used. 
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Transformer Construction 


2 Tvpeof Transformers: 

LI 1- Core (U/I) Type: 

is constructed from a stack of U- and I-shaped 
laminations. In a core-type transformer, the 
primary and secondary windings are wound X 
on two different legs of the core. l 


LI 2- Shell Type: A shell-type 

transformer is constructed from a 

stack of E- and I-shaped laminations. In a 
shell-type transformer, the primary and 
secondary windings are wound on the same 
leg of the core, as concentric windings, one 


on top of the other one. Shell Type or ET type 
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Transtormer Core Tvpes 


L The magnetic (iron) core is made of 
thin laminated steel. 


(A The reason of using laminated steel u 
Cross= ou at 


by reducing thickness (t): 
Pe = kh (Bmax t f) ° 


(2 common cross section of core is 

square or rectangular ) for small of 
transformers and circular (stepped ) for = AL 
the large and 3 phase transformers. MW 


cross- 
sectional 
area! A 


(bl Stenped core 
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le Ideal Transformers 


® > An Ideal Transformer is a unity Coupled, lossless transformer in 
BA which the primarv and secondarv coils have infinite self inductances. 
A Transformer is ideal if: 
1.) Large reactance coils; L, L, M >» 
2.) Unity Coupling k=1. 
3.) Coils are lossless (R,=R,=0) 


(a) Ideal transformer 


b) Circuit symbol for the Ideal transformer 
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Ideal transformer 


One winding’s terminal is usually marked by a dot 
used to determine the polarity of voltages and 
currents. 


If the voltage is positive at the dotted end of the primary winding at some moment of 
time, the voltage at the dotted end of the secondarv winding will also be positive at 
the same time instance. 


If the primarv current flows into the dotted end of the primarv winding, the secondarv 
current will flow out of the dotted end of the secondarv winding. 
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Input-Output Variables of an Ideal 
Transformer 


> The input and output voltages and 

currents of an ideal transformer are related 

only by the turns ratio. 

_V,— J@MI, 
jol, 


V, = JOMI + jøL, L, V, = JoL,I, + 


V, = joLI,+joMl, I, 


MV, joM 1, 
L 
Perfect Coupling k =1, Thus we have M =.,/L,L,  Sunstitute 


LV ] L-I L N 
v, = jon, No JOLLI, _ [by ony = My 
L L “NL N, 





= n = Turns Ratio 
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Input-Output Variables of an Ideal 
Transformer 


Ideal Transformer iS called: 
1.) Step-up transformer if n > 1. 
2.) Step-down transformer if n < 1. 
3.) Isolation transformer if n=1. 
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Transformer Dot Convention 


X Transformer DOT convention is needed to 


assign the polarity of the output variables. 


1.) If V} and V, are BOTH + or BOTH — at the 
dotted terminals use +n, otherwise ~n. 
2.) If I, and L, BOTH ENTER or BOTH LEAVE the 
dotted terminals use -n, otherwise +n. 


® » = e 7 

— ii ar == wt — 

=Z Ss WS 

=Z = = 

118 II N 

— SS $$ WN 
e 


In phase Out of phase 


Dot convention indicating the phase relationship between 
the input and the output. 
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Typical circuits illustrating polarity for voltages and direction of currents of an ideal trarill nl 
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Conservation of the Complex Power 


> An ideal transformer absorbs no power. 


> The complex power in the primary winding is equal to the complex 
power delivered to the secondary winding. 


> Transformer absorbs no power. We assume a lossless transformer. 
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_* 
a Ideal Transformer 


T> O Induced Voltages: The induced emf in primary 
=. winding is: 


is 
wm Ep = 4.44 Np Om f, 
= “ where Np is the number of winding turns in 
= primary winding, Om, the maximum (peak) flux, V 
® and f the frequency of the supply voltage. 


æ = Similarly, the induced emf in secondary 
f winding: 
| B Es = 4.44 Ns Om f, 
-s 
2 æ U where Ns is the number of winding turns in 
secondary winding. 
UI Turns Ratio, a = Ep/Es = Np/Ns 


Dr. M. AL-REFAI EE352000100 





= . 3 
a - 3 
E - = 
J = 
L 





Ideal Transformer 


U If the transformer is ideal, 


PinzPout Transformer loaded 
(Input power — Output power). 

(A Assuming the power factor to be 

same on both sides, 

Vp lp = Vs ls 


L p ZL 
Hence, Np/Ns= Vp/Vs = Is/Ip =a ms 


Symbol Circuit 
Of a transformer "h L 


Note that in transformers, subscripts 
“an 4. . Primary < secondary 
1” and “p” are used interchangeably H 

for the primarv-side quantities. Also, 

subscripts “2” and 's' are used zia 
interchangeably for the secondary- 


side quantities. 
Dr. M. AL-REFAI EE352000101 
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Ideal transformer 


We consider a lossless 
transformer with an input 
(primary) winding having N, turns 
and a secondary winding of N, 
turns. 


The relationship between the 

voltage applied to the primary 

winding v,(t) and the voltage 

produced on the secondarv 

winding v,(t) is 
v, (t) E N, li 
v(t) N 


$ 


Here a is the turn ratio of the transformer. 
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Ideal transformer 


The relationship between the primary /,(t) and secondary /,(t) currents is 


In the phasor notation: 


The phase angles of primarv and secondarv voltages are the same. The phase 
angles of primary and secondary currents are the same also. The ideal 
transformer changes magnitudes of voltages and currents but not their angles. 


7. 
is 
= 5 
l 9 
l 9 
a 
F 
a 
2 
l-a 
a 
I» 
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Power in an ideal transformer 


Assuming that 6, and @ are the angles between voltages and currents on the primary 
and secondary windings respectively, the power supplied to the transformer by the 
primary circuit is: 

— (5) 
P, =V1, cos@, 
The power supplied to the output circuits is 


P „=V 1l,cos® 


out 


Since ideal transformers do not affect angles between voltages and currents: 
0,=0,=0 


Both windings of an ideal transformer have the same power factor. 
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Power in an ideal transformer 


Since for an ideal transformer the following holds: 
V 


— LP. — 
VY, =; ial, 


Therefore: 


V 
Py, =V 1, cos@ =—al ,cos0 =V I, cos@ =P, 
a 


The output power of an ideal transformer equals to its input power - to be 
expected since assumed no loss. Similarlv, for reactive and apparent powers: 


Oi — VI, sın 0 — VOL, sin 0 — Q. (10) 


S out — VI, — VOL, — Sin (11) 
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Impedance transformation 


The impedance is defined as a following ratio of phasors: 
Z, =V, /1, (4.13. 


A transformer changes voltages and currents and, therefore, an apparent impedance 
of the load that is given bv 


L- =V JI, (12) 


The apparent impedance of the 
primary circuit is: 


Z,'=V,/I, 


which is 


Ne AW, _ 2 _ a4 
I, I/a 


P 


L 


— Itis possible to match magnitudes of impedances (load and a transmission line) 
ml = by selecting a transformer with the proper turn ratio. EE352000106 
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Analysis of circuits containing 
ideal transformers 


A simple method to analyze a circuit containing an ideal transformer is by 
replacing the portion of the circuit on one side of the transformer by an 
equivalent circuit with the same terminal characteristics. 


Next, we exclude the transformer from the circuit and solve it for voltages 
and currents. 


The solutions obtained for the portion of the circuit that was not replaced 
will be the correct values of voltages and currents of the original circuit. 


Finally, the voltages and currents on the other side of the transformer (in 
the original circuit) can be found by considering the transformer’s turn ratio. 
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Analysıs of circuits containing 
ideal transformers: Example 


Example 4.1: A single-phase power system consists of a 480-V 60-Hz generator that is 
connected to the load Z,,_, = 4 + j3 Q through the transmission line with Zine = 0.18 + 
jO.24 Q. a) What is the voltage at the load? What are the transmission line losses? b) If 
a 1:10 step up transformer and a 10:1 step down transformer are placed at the 
generator and the load ends of the transmission line respectivelv, what are the new 
load voltage and the new transmission line losses? 


ih j0.240 
a) Here: 


I. =I y 


l 480/09 
— 0.184 j0.24+4+ j3 
480/09 


————— = 90.82 —37.8° A 
5.29237.8° 


= 
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f =» 
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im 
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Analysıs of circuits containing 
ideal transformers: Example 


Fast. the load voltage: 


V..=1,..Z.. = (90.82 —37.8°)(4+ j3)—-(90.84—-37.89)(5436.99)— 4542 -0.9°V 


The line losses are: 


P =I; R 


loss line~ line 


= 90.8" -0.18 =1484 W 


= 
l al 
= 
n 
m 
L. 
i 
= 
= 
gm Ps 
fn 
- 
u = 
l 


b) We will 
= 1) eliminate transformer T, 
| by referring the load 
ww‘ over to the transmission 
line’s voltage level. 
= 2) Eliminate transformer T, 
by referring the En 
transmission line’s 
elements and the equivalent load at the transmission line’s voltage over to the source 


0.18 Q j0.24.2 
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Analysıs of circuits containing 
ideal transformers: Example 


The load impedance when referred to the transmission line (while the transformer T, 
is eliminated) is: 


2 
ZL-aZ = 2 (4+ j3) = 400 + j300 


. aY | 

The total impedance on the EN EEE ee: bike RE 
transmission line level is Ic) | ae ER rer, el 
l 

| 

| 

l 


z,=Z 
= 400.18 + 300.24 
= 500.3236.88° Q 


+ L load Z toad = 


line 
400 + 7300 Q 


N 


| 
| 
| 
| Equivalent circuit 


The total impedance is now referred across T, to the source's voltage level: 


2 
is) (500.3236.88° ) = 5.003236.88° Q 
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Analysıs of circuits containing 
ideal transformers: Example 


The generator's current is 


VU 48020 


Z 5.003236.88° 


0.0018Q  j0.0024Q 


e 


= 95.94 / —36.88° A 
Knowing transformers’ turn 
ratios, we can determine line and 
Equivalent circuit 
load currents: 


Dine = a, Iç = 0.1-(95.94£ -36.88°) = 9.5947 -36.88° A 
Load = Le = 10- (9.5942 —36.88°) = 95.942 —36.88° A 


Therefore, the load voltage is: 


V.r1l..Z.. = (95.942 = 36.88° )(5Z — 36.87°) = 479.7Z-0.01° V 
The losses in the line are: P =I? R =9594°:0.18=167 W 


loss line: line 
Note: transmission line losses are reduced by a factor nearlv 90, the load 


voltage is much closer to the generator’s voltage - effects of increasing the 
line’s voltage. Dr. M. AL-REFAI 
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Theory of operation of rea 
single-phase transformers 


Real transformers approximate ideal ones to some degree. 


The basis transformer operation can be 
derived from Faraday’s law: 


„ dl 
Here A is the flux linkage in the coil 
across which the voltage is induced: 


A= ig 


where ø, is the flux passing through the iff turn in a coil — slightly different for different 
turns. However, we may use an average flux per turn in the coil having N turns: 


T 17 
ý =A/N il 
2 Therefore: e =N dg (18) 


ind 
dt 
Dr. M. AL-REFAI EE352 


The voltage ratio across a rea 
transformer 


If the source voltage v,(t) is applied to the primary winding, the average flux in the 
primarv winding will be: 


Q — (19) 


A portion of the flux produced in 
the primarv coil passes through 
the secondarv coil (mutual flux); 
the rest is lost (leakage flux): 


= / 
P, — P, + Pi, (20) 
J 


average primary mutual flux 
flux 
. > Similarly, for the secondary coil: 


= 0, = Pn tP 
Decne flux 
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The voltage ratio across a rea 
transformer 


From the Faraday’s law, the primary coil’s voltage is: 


d d 
?, —N do, 4 N Pr, 
dt rd ? dt 

2 The secondary coil’s voltage is: 

Ab y Ibn nda; 
di dt di 


p | The primary and secondary voltages due to the mutual flux are: 


=e (t)+e,,() 
=e,(t)+e,,(t) 


dn 
e,(t)=N, FI 


do 
e(t)=N —— 
N "dt 


Combining the last two equations: 


ef) _ db, e,(0) (25) 
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The voltage ratio across a rea 
transformer 


Therefore: 


That is, the ratio of the primarv voltage to the secondarv voltage both caused bv the 
mutual flux is equal to the turns ratio of the transformer. 


For well-designed transformers: 
OnO Pips Pa Pis 
Therefore, the following approximation normally holds: 


v (í N 
pW) Ara (28) 
vO) N 


$ 
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2%» The magnetization current in a 


P real transformer 


= Even when no load is connected to the secondary coil of the transformer, a current will 
ww‘ flow in the primary coil. This current consists of: 
1. The magnetization current i, needed to produce the flux in the core; 
== 2. The core-loss current i,,. hysteresis and eddy current losses. 


o(t) and 


Vplf) (t 
vp(t) 5 Ps 


SF A-turns 


Flux causing the 
magnetization current 


li = 
l 
f 4 
= f = 
l = 
= | = 
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The magnetization current ina 
real transformer 


Ignoring flux leakage and assuming time-harmonic primary voltage, the average flux 


IS: 


— l ] V l 
= vi” (t)dt = mil cosotdi = a ot |Wb| 


If the values of current are comparable to the flux they produce in the core, it is 
possible to sketch a magnetization current. We observe: 

1. Magnetization current is not sinusoidal: there are high frequency components; 
2. Once saturation is reached, a small increase in flux requires a large increase in 
magnetization current; 

3. Magnetization current (its fundamental component) lags the voltage by 90°; 

4. High-frequency components of the current may be large in saturation. 


Assuming a sinusoidal flux in the core, the eddy currents will be largest when flux 
passes zero. 
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The magnetization current in a 
real transformer 


total excitation current in a transformer 


Core-loss current 


Core-loss current is: 


1. Nonlinear due to nonlinear effects of hysteresis; 
2. In phase with the voltage. 


The total no-load current in the core is called the excitation current of the transformer: 


i =i i, (30 


EX 
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The current ratio on a 
transformer 


If aload is connected to the secondarv coil, there will be a current flowing through it. 


A current flowing into the dotted end 
of a winding produces a positive 
magnetomotive force F: 


F, = N I, (31) 
F=Nil, (32) 
The net magnetomotive force in the core 


Fa =N i, -Ni = oR 


net 


= i 
= 
z | 
L 
ma =» 
mi u 
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= 
um = 
: 
|| i = 
f a 
7 m = 
= 
A = 
cl 


where Wi is the reluctance of the transformer core. For well-designed transformer cores, 
2. the reluctance is very small if the core is not saturated. Therefore: 


F =N i, — Ni, x0 (34) 


net 
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The current ratio ona 
transformer 


The last approximation is valid for well-designed unsaturated cores. Therefore: 
Ni xNi f x 
pep NA => i N N 
An ideal transformer (unlike the real one) can be 
characterized as follows: 


The core has no hysteresis or eddy currents. 
The magnetization curve is ħi agit 
The leakage flux in the core is zero. a 


: . A . Magnetization curve of 
The resistance of the windings is zero. krejata gia 
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The transformer's equivalent circuit 


To model a real transformer accuratelv, we need to account for the 
following losses: 


1. Copper losses — resistive heating in the windings: ER. 

2. Eddy current losses — resistive heating in the core: proportional to 
the square of voltage applied to the transformer. 

. Hysteresis losses — energy needed to rearrange magnetic domains in 
the core: nonlinear function of the voltage applied to the 
transformer. 

. Leakage flux - flux that escapes from the core and flux that passes 
through one winding only. 
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The exact equivalent circuit of a real 
transformer 


Cooper losses are modeled 


by the resistors R, and R.. 


Leakage flux in a primary 
winding produces the 
voltage: 


d D | Ideal 


Bu Lp transformer 
e,(t)=N, u. (36) 


Since much of the leakage flux pass through air, and air has a constant reluctance that 
is much higher than the core reluctance, the primary coil’s leakage flux is: 


p ZPN i (37) 


N PP 
permeance of flux path 


Therefore: di, 
d 
e, (t) = N, P y —(PN i, )- N° PP 
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The exact equivalent circuit of a 
real transformer 


‘Recognizing that the self-inductance of the primary coil is 


ar 
L, = N?P 


The induced voltages are: 


di, 
e, (t)=L, Fi 
Primary coil: l 


Secondarv coil: e, (th=L di 
LS $ dt 


(41) 


The leakage flux can be modeled by primary and secondary inductors. 


The magnetization current can be modeled by a reactance X,, connected across the 
primary voltage source. 


The core-loss current can be modeled by a resistance R. connected across the 
primary voltage source. 


Both currents are nonlinear; therefore, X,, and R- are just approximations. 
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The exact equivalent circuit of a real transformer 


The transformer's 
equivalent circuit 


However, the exact circuit is 
not verv practical. 


Ideal 
transformer 


Therefore, the equivalent circuit is usually 
referred to the primarv side or the secondarv 
side of the transformer. 


Equivalent circuit of the transformer 
referred to its primarv side. 


Equivalent circuit of the transformer 
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Approximate equivalent circuit of a transformer 


For manv practical applications, 
approximate models of 
transformers are used. 


Referred to the primarv sidt 


Referred to the secondarv 
side. 


Without an excitation branch 
referred to the primarv side. 


The values of components of the transformer 
model can be determined experimentally by an 


open-circuit test or by a short-circuit test. Without an excitation branch 
referred to the secondary side. 


= oe 
= 
z | 
: 3 
E- } 
= 
= 
i ‘a 
f a 
n FI = 
= 
A : = 
+ 
a 
MW 
m 
5 | 
= = 7 
A 
A 
L p 
w 
= 


Dr. MI. AL-REFAI EE352 





LECTURE FIVE 
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79 L 
Determining the values of components 
re 


Wattmeter ip (t) 


A The open-circuit test. CY 


_ Full line voltage is applied to the primary (d (X © | 
-= side of the transformer. The input voltage, 
cif current, and power are measured. 


Transformer 


— B From this information, the power factor of the input current and the magnitude and the 
=» angle of the excitation impedance can be determined. 


iM To evaluate R; and X,,, we determine the conductance of the core-loss resistor is: 


(43) 
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Determining the values of components 


Since both elements are in parallel, their admittances add. Therefore, the total 
excitation admittance is: 
l l 
Y.=G — jB = —— j— (44) 
E C M 
R- `X 


M 


The magnitude of the excitation admittance in the open-circuit test is: 


Y,.| = i (45) 


OC 


The angle of the admittance in the open-circuit test can be found from the circuit 
power factor (PF): 
| 


cos@ = PF = —— (46) 
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=. Determining the values of components 
JE 


In real transformers, the power factor is always lagging, so the angle of the current 
2 = always lags the angle of the voltage by fi degrees. The admittance is: 


Y, =i /-0= 222 Z- 008" PF 


OC OC 


Therefore, it is possible to determine values of R- and X,, in the open-circuit test. 
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Determining the values of components 


The short-circuit test. Bat 


© nnn. | 
Fairly low input voltage is applied to the pS 
primary side of the transformer. This (a) (v) | 
voltage is adjusted until the current in the 
secondary winding equals to its rated 


value. 
The input voltage, current, and power are again measured. 


Transformer 


Since the input voltage is low, the current flowing through the excitation branch is 
negligible; therefore, all the voltage drop in the transformer is due to the series 
elements in the circuit. The magnitude of the series impedance referred to the primary 
side of the transformer is: V 
Zsa — zu (47) 
SC 


The power factor of the current is given by: 


P 
PF =cos@ = —— 


sc sc 
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Determining the values of components 


Therefore: 


Ve40 Vs ge 


Isc 


SET 8 
Since the serial impedance Z.. is equal to 


Z si — Ra + JX og Fa 


n =» 
a 
a 
= 
al 
| = 
bi : lli 
is 
> 


Zu =(R,+a’R,)+ (X, +a’X,) (51) 


BB. itis possible to determine the total series impedance referred to the primary side of 
— the transformer. However, there is no easy way to split the series impedance into 
primary and secondary components. 


The same tests can be performed on the secondary side of the transformer. The 
® results will vield the equivalent circuit impedances referred to the secondarv side of 
ww" the transformer. 
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Determining the values of components: Example 


' Example 4.2: We need to determine the equivalent circuit impedances of a 20 kVA, 


8000/240 V, 60 Hz transformer. The open-circuit and short-circuit tests led to the 
following data: 


Voc = 8000 V Vso = 489 V 


The power factor during the open-circuit test is 


PF =cos@= foo __ 400 —_ 
V,.I,. 8000-0.214 

The excitation admittance is 
0.214 l l 


I 
Y, =Œ /-¢ ~ PF =——— Z—cos“ 0.234 = 0.0000063— j0.0000261 =— — j — 
O A 8000 K X 


M 


= 0.234 lagging 
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Determining the values of components: 
Example 


' Therefore: l 


R-=—— 15940; X, =. = 38.3 kQ 
0.0000063 0.0000261 


The power factor during the short-circuit test is 


PF = cos 0 = a 
VI. 489-2.5 


The series impedance is given by 


= 0.196 lagging 


Z., = “© / cos PF = 22 £78.7° 
I 2.5 


SC 


= 38.44 jI920) 


_ Therefore: 


3840 51920 
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R,, =38.3Q; X,=1920Q 


The NE, u - 
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The per-unit svstem 


Another approach to solve circuits containing transformers is the per-unit svstem. 
Impedance and voltage-level conversions are avoided. Also, machine and 
transformer impedances fall within fairlv narrow ranges for each tvpe and 
construction of device while the per-unit svstem is emploved. 


actual value 
Quantity per unit = 


———— (52) 
base value of quantity 


Usually, two base quantities are selected to define a given per-unit system. Often, 
such quantities are voltage and power (or apparent power). In a 1-phase system: 


base 9 O pase 9 Or S pase = basel base (53) 


Visa — Viwe) sa 
I S 


base 
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The per-unit system 


I 
Y, — base 


ase 
V, 


ase 


Ones the base values of P (or S) and V are selected, all other base values can be 
computed form the above equations. 


In a power system, a base apparent power and voltage are selected at the specific 
point in the system. Note that a transformer has no effect on the apparent power 
of the system, since the apparent power into a transformer equals the apparent 
power out of a transformer. As a result, the base apparent power remains 
constant everywhere in the power system. 


On the other hand, voltage (and, therefore, a base voltage) changes when it goes 
through a transformer according to its turn ratio. Therefore, the process of 
referring quantities to a common voltage level is done automatically in the per- 
unit system. 
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The per-unit svstem: Example 


. Example 4.3: A simple power system is given by the circuit: 
Line 200 j60 O Load Zioad = 10430002 
lq 20:1 


eee. Sw un ——— ma 


Region 1 Region 2 Region 3 
The generator is rated at 480 V and 10 kVA. 


a) Find the base voltage, current, impedance, and apparent power at every points in 
the power system; 


b) Convert the system to its per-unit equivalent circuit; 


c) Find the power supplied to the load in this system; 
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LECTURE FOUR 
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The per-unit system: Example 


a. In the generator region: Vase ı = 480 V and S ase = 10 kVA 
Size. 10000 
base | 
basel — u 
a | 20.83 


I — ~ basel 
basel 
V 480 
i Pei i 480 
The turns ratio of the transformer T, is a, = 0.1; therefore, the voltage in the 
transmission line region is 


= 20.83 A 


Z = 23.04 Q 


base 1 


4 
Foes u 880 h00 


ase 2 
d, 


The other base quantities are 
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The per-unit system: Example 


S,.,=10 kVA 


710000 
base 2 A800 
4800 


Z, =—— = 23049 
2.083 


= 2.083 A 


The turns ratio of the transformer T, is a, = 20; therefore, the voltage in the load 
region IS 
Nase, . 4800 


Vorne; DO = 240y 
a, 20 


The other base quantities are 
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The per-unit system: Example 


S, „~, =10 kVA 
710000 
base3 — 240 
77240 
base3 — 41.67 


— 41.67 A 
= 5.76 Q 


b. To convert a power system to a per-unit system, each component must be divided 
by its base value in its region. The generator’s per-unit voltage is 


48020° 
V G. pu — 480 = 1.00 pu 


The transmission line’s per-unit impedance is 
— 20-60 


| z = 0.0087 + 70.026 pu 
line, pu 2304 J P 
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The per-unit svstem: Example 


The load's per- 
unit impedance is 


710/30. 


jip 5,76 Hakan Gp 


i 


l 
i | a 
l LI LE B 


-®© =1.736230° pu 


| ® The per-unit 
ta equivalent circuit 


> c. Thecurrent flowing in this per-unit power svstem is 


V O 
w oo ILO L05692 —30.6° pu 
0.0087 + J0.026 +1.73630° 


tot, pu 





The per-unit system: Example 


Therefore, the per-unit power on the load is 

_ 72 — 2 — 
Pa py = L,R „ =0.569° -1.503 = 0.487 
The actual power on the load is 


Poad — F, S 


load , pu 


= 0.487 -10 000 = 487 W 


base 


d. The per-unit power lost in the transmission line is 


P ne. pu = Tau Rine. p = 0-5697 -0.0087 = 0.00282 


line, pu line, pu 
The actual power lost in the transmission line 


P,.=P,. „Sr. = 0.00282 -10 000 = 28.2 W 


line line, pu ~ base 
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The per-unit system 


When only one device (transformer or motor) is analyzed, its own ratings are used as 
the basis for per-unit system. When considering a transformer in a per-unit system, 
transformer’s characteristics will not vary much over a wide range of voltages and 
powers. For example, the series resistance is usually from 0.02 to 0.1 pu; the 
magnetizing reactance is usually from 10 to 40 pu; the core-loss resistance is usually 
from 50 to 200 pu. Also, the per-unit impedances of synchronous and induction 
machines fall within relatively narrow ranges over quite large size ranges. 


If more than one transformer is present in a system, the system base voltage and 
power can be chosen arbitrary. However, the entire system must have the same base 
power, and the base voltages at various points in the system must be related by the 
voltage ratios of the transformers. 


System base quantities are commonly chosen to the base of the largest component 
in the system. 
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The per-unit svstem 


Per-unit values given to another base can be converted to the new base 
either through an intermediate step (converting them to the actual 
values) or directiv as follows: 


S 


base 1 


pu, base 1 S 


(POS) zur (29.5) 


base 2 


y 


= base 1 
pu,base2 — V ou, base] V 
base 2 


2 
J S 
basel” base 1 
= _ n———o—o8—88sn 449.3 
| base 2 Á base 2 


(R,X,Z) 


pu, base 2 


= uJ 
kalil . 3 
s a 
a 
. a 
f 
a 
= 
= 
J 
Bl 
= 
= 
: 
F Tà 
LI = 
3 | 
— = 2 3 
A 
LI 


Dr. M. AL-REF2 EE352000145 





The per-unit system: Example 


Example 4.4: Sketch the appropriate per-unit equivalent circuit for the 8000/240 V, 60 
Hz, 20 kVA transformer with R, = 159 kO, Xm = 38.4 kO, R,, = 38.3 Q, X,, = 192 Q. 

To convert the transformer to per-unit system, the primary circuit base impedance 
needs to be found. 


V, 


base 1 


=8 0007; S 


base 1 
2 
V, 


2 
z, = e SWD _ 30000 
S 20 000 


— 38.44 j192 
SE Pu 3200 
159 000 
=< = 49.7 pu 
CPU 3200 p 
_ 38400 _ i 


M.pu 3200 


= 20 000 VA 


basel 


= 0.012+ 70.06 pu 
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The per-unit svstem: Example 


Therefore, the per-unit equivalent circuit is shown below: 
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Voltage regulation and efficiencv 


Since a real transformer contains series impedances, the transformer's output 
voltage varies with the load even if the input voltage is constant. To compare 
transformers in this respect, the quantitv called a full-load voltage regulation (VR) 
is defined as follows: 


VR= Pam Pan -100% = Va Va 100% (4.52.1) 
s,fl Von 
In a per-unit system: 


-yV 
P" sA 100% (4.52.2) 
S, fl, pu 
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